Various ompF-ompC, ompC-ompF, and ompF-ompC-ompF chimeric genes were used to locate the domains of the OmpF protein involved in cellular sensitivity to colicins. Various parts of the porin participate in the entry of colicins. Colicin N receptor activity was found to require three regions: RN1, located between residues 1 and 63; RN2, located between residues 115 and 262; and RN3, located between residues 279 and 297. The central domain from residues 143 to 262 is involved during the translocation step after the binding step. A large region, including residues 1 to 262, is necessary during colicin A entry. The locations and interactions between these domains specifically required for the uptake of colicins to occur are described and discussed with regard to the homology and topology of the OmpC, OmpF, and PhoE porins.
Various ompF-ompC, ompC-ompF, and ompF-ompC-ompF chimeric genes were used to locate the domains of the OmpF protein involved in cellular sensitivity to colicins. Various parts of the porin participate in the entry of colicins. Colicin N receptor activity was found to require three regions: RN1, located between residues 1 and 63; RN2, located between residues 115 and 262; and RN3, located between residues 279 and 297. The central domain from residues 143 to 262 is involved during the translocation step after the binding step. A large region, including residues 1 to 262, is necessary during colicin A entry. The locations and interactions between these domains specifically required for the uptake of colicins to occur are described and discussed with regard to the homology and topology of the OmpC, OmpF, and PhoE porins.
OmpC and OmpF are the major outer membrane pore proteins of Escherichia coli K-12 when it is grown under standard laboratory conditions. Another porin, PhoE, can be synthesized only under phosphate limitation growth conditions (for reviews, see references 13, 20, and 32) . These porins, which assemble in the membrane and bind to the lipopolysaccharide, have several features in common: They all have similar amino acid compositions and molecular masses (17, 21) , they all form trimers (10, 19, 26, 38) , and each protein is recognized by the heterologous antisera (9, 23, 24) . However, they also differ in several respects: (i) The pores that are formed differ as far as their diameters and substrate specificities are concerned (7, 13, 20) ; (ii) the OmpC, OmpF, and PhoE proteins function as receptors for various phages and colicins (13, 20) ; and (iii) no crossreactivity has been observed with the respective monoclonal antibodies (14, 25, 35, 37) .
To elucidate the structure-function relationship of these porins, Mizushima and colleagues (18, 22) and Tommassen and colleagues (34, 36) have skillfully used the high homology between ompC, ompF, and phoE to produce hybrid genes by in vivo recombination. With the resulting hybrid gene products, it is possible to identify the various parts of the molecule involved in different functions. With ompFompC, ompC-ompF, and ompF-ompC-ompF chimeric genes, the domains involved in phage TuIa and TuIb receptor activity and the locations of antigenic determinants at the surface of OmpC and OmpF have been mapped (8, 22, 37) . With OmpC-PhoE and PhoE-OmpC hybrid proteins, the locations of the regions involved in pore specificity, phage sensitivities, and monoclonal antibody-binding sites have been described (3, 34, 36) .
During the first step of colicin entry, OmpF is required as the receptor for colicin A (1, 5, 6) and colicin N (28, 33) . In the next step, these colicins are translocated across the outer membrane before they attack the cytoplasmic membrane target. Various proteins are involved in this process (12, 27) . Preliminary evidence has shown that the amino-terminal region up to residue 80 of the porin is involved in the colicin * Corresponding author. N binding, while the 260 carboxy-terminal residues bear the colicin A-binding site (33) . To determine the part of OmpF that is required for colicin uptake to occur, we used the collection of OmpF-OmpC, OmpC-OmpF, and OmpFOmpC-OmpF chimeric proteins described previously (22, 37) . These chimeric proteins are stably assembled in the outer membrane (22, 37) . In the present study, we identified three separate regions involved in colicin N binding, with the central one also being necessary during translocation. In the case of colicin A entry, a large N-terminal region is required. These results are discussed from the point of view of the topology of the porin in the E. coli outer membrane.
MATERIALS AND METHODS
Strains, plasmids, and medium. E. coli SM1005 (FAlacU169 rpsL relA thiA fibB gyrA ompC ompF14) (22) , which bears the various chimeric genes coding for the hybrid proteins described in Fig. 1 , was used in this study. The other E. coli K-12 strains used were MH764 and 9301, which are ompC and ompF derivatives of strain MC4100, respectively (14, 25) . The cells were grown in LB medium at 37°C with gentle shaking. Ampicillin (100 ,ug/ml) was added when required.
Colicin sensitivity. The colicin survival tests used in this study have been described previously (5) . Briefly, the cells (100 ,ud of suspension at an optical density at 600 nm of 0.5) were added to various concentrations of colicins (430 p,g/ml diluted in phosphate-buffered saline [PBS; 150 mM NaCl, 3 mM KCl, 1 mM KH2PO4, 10 mM Na2HPO4; pH 7] buffer from 10-2 to 10-5) for 20 min at 37°C. The cell suspension was then diluted with 15 volumes of fresh medium (LB). The percentage of surviving cells was monitored by determining the ratio between the optical densities at 600 nm of colicintreated and untreated cells after 2 h at 37°C. The limit-dose effect giving 5 to 15% of surviving cells (MH764) was chosen to assay the sensitivity of cells containing the various hybrids. Control experiments were carried out with ompF and ompC strains. For bypass experiments, cells were washed three times in 10 mM sodium phosphate (pH 6.8) and incubated with various dilutions of colicins in this buffer (5 (450 ,ul) in the respective buffer and centrifuged for 10 min at 8,000 x g. The percentages of both bound and total 125I-labeled colicin were counted in the cell pellet and remaining suspension. 125I-labeled colicin A diluted in 10 mM sodium phosphate (pH 6.8) containing 0.01% Tween 20 plus bovine serum albumin (1 mg/ml) was used. The back- (11, 12, 15, 27) . To analyze the role of OmpF in the first step of colicin entry, we developed a technique using the binding of iodinated colicins on the surface of cells bound to nitrocellulose sheets. In control experiments, only immobilized cells containing OmpF were able to bind 1251I-labeled colicin N (Fig. 2) . Under the same conditions, chimeric proteins were fully competent to bind colicin N only when they contained the OmpF sequence up to amino acid residue 313 in the hybrid protein (Fig. 2) . In addition, amino-terminal and central regions were required for the colicin N receptor activity to occur since only 403-14 was able to exhibit an efficient binding site. The need for an NH2 region has been mentioned previously (33) , but the results obtained in the present study suggest that other domains establishing the receptor site lay between residues 115 and 313. The difference between these previous results and those obtained in the present study are discussed further in connection with porin homology (see below).
Quantitative analyses performed by the liquid binding assay ( (5, 6), is more complex than the colicin N receptor (28) . Under our conditions and with the strains that we used, the OmpF protein was required to obtain significant iodinated colicin A binding (Fig. 2) (Fig. 2 and Table 1 ). The information located between residues 1 and 272 was necessary to restore colicin A-binding ability.
DISCUSSION
In E. coli OmpC, OmpF, and PhoE porins have very similar primary structures and seem to derive from a common ancestral gene (17) . Great variations exist, however, between the cell surface-exposed domains, as demonstrated by immunological studies with monoclonal antibodies (14, 25, 35, 37) and by data showing differences in their receptor reactivities to various phages and colicins (13, 20) . A set of chimeric fusion genes encoding hybrid OmpF-OmpC, OmpC-OmpF, and OmpF-OmpC-OmpF proteins has made it possible to characterize a central region which is required for correct assembly and to map the receptor-specific domains in the case of phages Tula and TuIb (8, 18, 22) . In the present study, we demonstrated that various regions of OmpF are required for colicin A and colicin N sensitivities to be expressed.
In the case of colicin A, the amino-terminal part (residues 1 to 115), which is lacking in hybrid 14, is required to act in conjunction with the central region (residues 107 to 260) in order to restore the receptor activity (hybrids 451 and 3601). A large domain corresponding to residues 1 to 260 (Fig. 3 , RA/TA) of OmpF is therefore involved in colicin A sensitivity.
Several regions of OmpF are required for colicin N action to occur. The first type of region (termed RN in the case of colicin N receptor activity) intervenes during the binding of the bacteriocin and was found to comprise (i) an aminoterminal domain (Fig. 3, RN1 ) located between residues 1 and 63 as reported previously (33), (ii) a central domain corresponding to residues 115 to 262 (Fig. 3, RN2) where the region from residues 115 to 143 played a strategic role in the binding activity, and (iii) a COOH region which was mapped between residues 279 and 313 (Fig. 3, RN3 ). These three domains act together in order to organize efficient receptor binding, and the exchange of any part strongly affects the binding capacity. These results were corroborated by the survival test and binding test data (dot blotting and liquid assay).
From experiments with OmpF-OmpC hybrids, five OmpF domains, which are required for colicin entry, were identified. However, this analysis does not mean that other regions, which are conserved in both OmpF and OmpC, are not involved in colicin uptake. Some of these common regions may be required during bacteriocin translocation since OmpC may be used as a substitute for OmpF in colicin A uptake under bypass conditions (1, 5) (Table 1) . In this respect, only the OmpF-specific domains mapped here are discussed.
Two models have been proposed for the folding of OmpF (2, 29) . The various domains used during both colicin A and N entry were analyzed and compared with the model developed by Benson et al. (2) , which focused on the exposed functional regions of OmpF (Fig. 3) . This comparison suggests that a postulated cell surface-exposed region (27 to 37 residues), termed Li, which exhibits large variations in porin sequence (13, 18) might be the RN1 (Fig. 3 ) that is part of the binding site. The region mapped between residues 115 and 260 contained three putative exposed loops (L3, L4, and L5). Finally, these regions combined with the region located between residues 275 and 297 that overlaps with L6 may contain information necessary for exposure of the binding site. Results of this study indicate that among the seven proposed exposed loops (Fig. 3) 
Comparison of the primary amino acid sequences among OmpC, OmpF, and PhoE around L3-, L4-, and L6-exposed regions. Substituted residues are indicated in the PhoE and OmpC sequences (17, 21) (17, 21) . However, no binding of colicin N was observed when the 462, 3601, 451, and 3702 hybrid molecules containing this amino-terminal region of OmpF were synthesized ( Fig. 2 and Table 1 ). These results indicate that in addition to the central part (residues 115 to 260), another region, located between residues 279 and 313 corresponding to L6 (Fig. 3) , is also required for binding to occur. The latter region shows a strong homology in OmpF and PhoE, but not OmpC (Fig. 4) . Substitution of this part by the equivalent PhoE region might maintain the site that is potentially involved in colicin N binding, although this OmpF-PhoE hybrid restores only a partial sensitivity to colicin N (33). This defect probably results from the absence of the OmpF region between residues 115 and 262. The central region, which contains L3, L4, and L5, is also required during the binding step. In the case of region L4 (Fig. 4) , which is involved in colicin translocation (see hybrid 450-17 in Table 1 ), a high sequence homology between OmpF and PhoE but not OmpC has been reported previously (17, 21) . This conservation might explain the high colicin N receptor activity that occurred with the OmpF-PhoE hybrid. The equivalent part of OmpC, which contains 15 inserted residues, modifies the conformation of the resulting exposed region in hybrid 450-17. No homologies are present in the exposed regions of OmpC or PhoE (16, 32) corresponding to region L5 localized in the region from residues 144 to 260 of OmpF (2), which is involved in colicin N sensitivity (cf. the bypass sensitivities observed with hybrids 403-7, 403-10, 462-7, 462-10, and 3601). The lack of this region in the OmpF-PhoE hybrid might explain the weak sensitivity to colicin N described previously (33) . The high binding observed with hybrid 403-14 may be due to the presence of region L3. Despite some lack of L3 homology, the OmpF-PhoE hybrid exhibits 86% binding ability (33) . Differences in the predicted exposed region and in the downstream sequence were observed only between OmpF and OmpC (2, 16, 17, 21, 31) , while a better conservation was noted between OmpF and PhoE than with OmpC. However, the partial binding (30%) observed with these hybrids (403-10 and 462-10) suggests that a region located between residues 115 and 143 may be involved during exposure of the receptor site rather than being directly involved in the receptor-binding step. The changes in this region, which induce a decrease in the binding efficiency, explain why colicin N resistance was only partial and correlated with the single-hit mode of colicin action (15). Moreover, it was possible in bypass experiments to reduce the central region between residues 143 and 262 that is necessary during the translocation process (Fig. 3,  TN) . The resistance observed with hybrid indicates that the region located between residues 157 and 170 is strongly involved during the translocation step. However, it cannot be excluded that the additional part located in the region from residues 144 to 260 is also necessary.
Genetic studies have indicated that the tolA, tolB, toIQ, and toiR gene products are involved in the events that occur after the binding step of both colicins A and N (4, 27, 30, 31) . One part of the domains identified here may be required for putative interactions to occur between OmpF and other components such as the Tol proteins that are involved in the translocation of colicins across the envelope after the binding step.
Results of this study indicate that some cooperation may take place between various regions which are cell surface exposed and distant in the OmpF sequence, leading to efficient colicin receptor site organization at the cell surface. In this respect, it should be noted that the regions previously reported as determining the receptor specificity to phages TuIa and TuIb (8) 
